We build a sample of distant (D > 80 kpc) stellar halo stars with measured radial velocities. Faint (20 < g < 22) candidate blue horizontal branch (BHB) stars were selected using the deep, but wide, multi-epoch Sloan Digital Sky Survey photometry. Follow-up spectroscopy for these A-type stars was performed using the VLT-FORS2 instrument. We classify stars according to their Balmer line profiles, and find 7 are bona fide BHB stars and 31 are blue stragglers (BS). Owing to the magnitude range of our sample, even the intrinsically fainter BS stars can reach out to D ∼ 90 kpc. We complement this sample of A-type stars with intrinsically brighter, intermediate-age, asymptotic giant branch stars. A set of 4 distant cool carbon stars is compiled from the literature and we perform spectroscopic follow-up on a further 4 N-type carbon stars using the WHT-ISIS instrument. Altogether, this provides us with the largest sample to date of individual star tracers out to r ∼ 150 kpc. We find that the radial velocity dispersion of these tracers falls rapidly at large distances and is surprisingly cold (σ r ≈ 50 − 60 km s −1 ) between 100-150 kpc. Relating the measured radial velocities to the mass of the Milky Way requires knowledge of the (unknown) tracer density profile and anisotropy at these distances. Nonetheless, by assuming the stellar halo stars between 50 − 150 kpc have a moderate density fall-off (with power-law slope α < 5) and are on radial orbits (σ 2 t /σ 2 r < 1), we infer that the mass within 150 kpc is less than 10 12 M ⊙ and suggest it probably lies in the range (5 − 10) × 10 11 M ⊙ . We discuss the implications of such a low mass for the Milky Way.
INTRODUCTION
The formation and evolution of galaxies is fundamentally dependent on their mass. We can measure the mass of a galaxy by a variety of methods. The baryonic component is often inferred by assuming a stellar initial mass function and converting the total integrated starlight into mass. The overall mass, which is dominated by an unseen dark matter component, requires more indirect methods such as gravitational lensing, gas rotation curves, kinematic tracers or timing arguments. Surprisingly, despite being a fundamental parameter, the mass of our own Milky Way Galaxy is poorly known.
The virial mass of the Milky Way has been measured (or inferred) to lie within a large range of values, 5 × 10 11 < Mvir/M⊙ < 3 × 10 12 . Watkins et al. (2010) found plausible mass estimates in the range 7 − 34 × 10 11 M⊙ based on the dynamics of satellite galaxies. This wide range of values partially reflects the unknown properties of the tracer population, but is also caused by a relatively low number of tracers together with uncertainty as to whether some satellites are bound or unbound (e.g. Leo I). Often, total mass estimates are extrapolations from the inner halo to the virial radius. For example, Xue et al. (2008) inferred a virial mass of 1 × 10 12 M⊙ based on the kinematics of blue horizontal branch (BHB) stars out to 60 kpc. However, it is worth remarking that such an extrapolation leads to a total mass that is not wholly controlled by the data. Obviously, it is preferable to measure the mass out to the virial radius rather than to infer it.
The mass within 50 kpc is constrained by the gas rotation curve (e.g. Rohlfs & Kreitschmann 1988) , the orbit of the Magellanic stream (e.g. Besla et al. 2007 ) and the dynamics of stellar halo stars (e.g. Xue et al. 2008; Gnedin et al. 2010; Samurović & Lalović 2011; Deason et al. 2012) . Beyond 50 kpc, we rely on tracers such as satellite galaxies, globular clusters and individual stars. The radial velocity dispersions of these tracer populations provide a direct link to the dark matter, which dominates the gravity field at such distances. In recent years, several studies have shown that velocity dispersions in the Galactic halo begin to decline at distances between ∼ 30 − 90 kpc (Battaglia et al. 2005; Brown et al. 2010) , perhaps signifying that the 'edge' of the Milky Way is within reach. Battaglia et al. (2005) showed that isothermal mass models predict much flatter velocity dispersion profiles (with σr ∼ 100 km s −1 ) than observed. However, despite recent discoveries with Sloan Digital Sky Survey (SDSS) imaging (e.g. Belokurov et al. 2007 ), there are unfortunately few known satellite galaxies and globular clusters at distances beyond 80 kpc, which is where most of the mass uncertainty now arises. Thus, our knowledge of the Milky Way's total mass is limited by the availability of dynamical tracers at large distances.
The best way of overcoming the paucity of objects is to use distant halo stars as tracers. This has the advantage that there are many more of them than satellite galaxies. Of halo stars, BHBs are attractive targets because there exist well-understood methods for their selection using colour-colour diagrams (e.g. Sirko et al. 2004) , as well as algorithms for removal of the principal contaminants like blue stragglers (BS) (e.g. Clewley et al. 2002) . The SDSS itself takes advantage of the efficiency of the method and today has already acquired spectra of thousands of BHBs over 1/4 of the sky (Xue et al. 2008; Deason et al. 2011a; Xue et al. 2011) . These stars are however typically brighter than 19.5 magnitudes, and therefore at best can reach 60 kpc (see e.g., Xue et al. 2008 ). Studies such as those pioneered by Clewley et al. (2002) go deeper, but are limited to small areas of the sky, and hence are susceptible to effects such as substructure (Clewley et al. 2005) . In this work, we go both deeper and wider by making use of multi-epoch SDSS photometry to select distant BHB candidate stars.
We target distant BHB stars in the magnitude range 20 < g < 22 (or a distance range of 80 < D/kpc < 200 for BHBs) for spectroscopic follow-up. These faint candidates require large 8-10m class telescopes -such as the European Southern Observatory (ESO) Very Large Telescope (VLT) facility -to obtain sufficient signal-to-noise ratio (S/N) to classify the stars and measure their radial velocities. We complement this sample of relatively old stars with intermediate-age, asymptotic giant branch (AGB) stars. In particular, we compile a sample of distant N type carbon (CN) stars, which are bright (MR ∼ −3.5) and can be detected out to extremely large distances. In fact, their radial velocities can comfortably be measured with 4m class telescopes such as the William Herschel Telescope (WHT). In addition, unlike other AGB giant stars, they can be cleanly selected using infrared photometry with little contamination from dwarf stars (Totten & Irwin 1998; Totten et al. 2000) . While these CN stars suffer less from photometric contamination than BHB stars, they are intrinsically rare and many (within < 100 kpc) belong to the Sagittarius stream (Ibata et al. 2001; Mauron et al. 2004) . However, by constructing distant halo samples of both populations we can ensure that our results are not subject to a particular stellar type.
The paper is arranged as follows. In Section 2, we outline our target selection process and VLT-FORS2 spectroscopic follow-up programme for candidate distant A-type stars. In addition, we outline the classification of our targets as BHB or BS stars based on their Balmer line profiles and assign distances according to this classification. In Section 3, we compile a sample of distant CN type stars in the literature with measured radial velocities. We perform spectroscopic follow-up of a further four stars using the WHT-ISIS instrument. We address the possibility that our distant stellar halo stars belong to substructure in Section 4. The velocity dispersion profile of our sample of distant stellar halo stars is analysed in Section 5 and we consider the implications for the mass of the Milky Way in Section 6, and sum up in Section 7.
A-TYPE STARS
We aim to measure radial velocities of distant (D > 80 kpc) BHB stars. Selecting potential BHB candidates at such faint magnitudes (20 < g < 22) requires deep and accurate photometry. This is especially important in the u band, which gives the most discriminating power between BHB and BS stars (Deason et al. 2011b) . A wide sky coverage is also beneficial to avoid targeting possible substructures. Unfortunately, these two requirements are often mutually exclusive with wider surveys having shallower photometry than deeper pencil beam surveys. We have overcome this problem by making use of the SDSS multi-epoch photometry. The deeper photometry provided by stacking multi-epoch data allows us to target distant BHB stars over a wide sky area. In the following sub-sections, we outline our target selection and follow-up spectroscopic programme. The density of stars with 19 < g < 22 in u − g, g − r colour-colour space with stacked multi-epoch (N overlaps > 2) photometry. The red region shows the BHB star selection box. The BHB/BS star ridgelines (cf. Deason et al. 2011b) 
Target Selection
We have used deep photometry obtained by stacking multiple exposures in the SDSS Stripe 82 to select faint BHB candidates with robust colour measurements. Stripe 82 is a 2.5 degrees wide stripe that runs at constant DEC = 0 deg and −60 < RA/deg < 60.
During the SDSS Supernova search programme, locations along the Stripe were imaged 20-50 times during the years 2000-2007. Individual Stripe 82 images were stacked to produce deeper master frames, which give a final catalogue of u, g, r, i, z measurements for stars and galaxies that is complete to 1-2 magnitudes fainter than that of SDSS single-epoch observations. The left and middle left panels of Fig. 1 illustrate the improved precision in g − r and u − g for star-like objects in the stacked Stripe 82 data. The middle right and right panel of Fig. 1 show the overall effect of obtaining deeper photometry around the BHB locus. We have supplemented our BHB candidates selected from Stripe 82 with a further sample chosen from the remaining overlaps in the SDSS 8th data release sky coverage. About 40 per cent of the SDSS field of view is observed more than once, as the survey stripes overlap. Typically, the overlaps are observed at least twice, and occasionally 3-4 times. While shallower than Stripe 82 data, these multi-epoch data improve the precision of magnitudes measured for faint candidates. We select stellar objects with clean photometry, which have had 3 or more detections within 0.5 arcseconds. For each object, we combine the measurements from different observing runs and calculate average u, g, r magnitudes together with the scatter in each band (removing those with standard deviations greater than 0.5 mag in each band). The wider coverage of these SDSS overlaps allows us to complement the deep photometry in Stripe 82 with a broader field of view.
This multi-epoch SDSS photometry allows us to easily identify A-type stars which occupy the 'claw' in u − g, g − r colour space; the locus of BHB stars is slightly redder in u − g than BS stars (Deason et al. 2011b ). We define the following selection box to maximise the number of BHB targets: .17, 1.17, 1.0, 0.9, 0.9, 1.4, 1.4, 1.17] (1) (g − r)BHB = [0, −0.2, −0.27, −0.29, −0.3, −0.3, 0, 0] Stars in the magnitude range, 20 < g < 22, that lie within this colour-colour box, are identified as candidate distant BHB stars. Even at brighter magnitudes, there is significant overlap between the BHB and BS populations in u − g, g − r colour-colour space and so we expect there to be significant contamination by BS stars in our selected targets. In particular, the relatively large errors in u − g (see error bar in left panel of Fig. 2 ) means that there can be significant scatter from BS stars into the BHB selection region. However, we note that at such faint magnitudes (g > 20), even BS stars can probe out to relatively large distances (D 90 kpc).
In Fig. 2 , we show the targets selected for spectroscopic follow-up. Stars observed in our first (P85) and second (P88) observing runs are shown by the unfilled and filled circles respectively. For the second run, we applied an extra cut in g − r, g − i space as shown in the right-hand panel of Fig. 2 . By excluding stars in the upper right region of this plot, we avoid contamination from quasi-stellar objects (QSOs) in our sample.
VLT-FORS2 follow-up spectroscopy
We used the VLT FORS2 instrument (in service mode) to obtain low resolution (R ∼ 800) optical spectra of the 48 BHB candidates. Observations were made in long-slit spectroscopy mode with a 1.0 arcsec slit. We used the 600B grism giving a dispersion of 1.2Å per pixel. The spectral coverage, λ = 3400 − 6100Å includes the Balmer lines Hδ, Hγ and Hβ. Observations were taken in 2010 April-August (P85) and 2011-12 October-February (P88). For stars in the magnitude range 20 < g < 22, we required integration times between 20 minutes and 2 hours to achieve a S/N ratio of 10 per resolution element.
The spectroscopic data were reduced using the ESOREX pipeline provided by ESO. This pipeline performs all of the necessary steps for reducing our science frames, including bias subtraction, flat-fielding, spectral extraction and sky subtraction. A wavelength calibration was applied with reference to HgCdHe arc lamp observations. By comparing our wavelength solution to strong sky lines (e.g. OI λ5577Å), we were able to make fine corrections to the wavelength solution if necessary. The uncertainty in the wavelength solution (typically 6 km s −1 ) is propagated forward into our velocity errors. Finally, the data were flux-calibrated with reference to standard star observations.
From an inspection of the reduced spectra, we identified 4 targets as QSOs and 1 target was too faint to be extracted. Thus, our sample contains 43 A-type stars.
BHB/BS Classification

Template spectra
To classify our A-type stars, we construct a sample of BHB and BS template spectra using high S/N SDSS DR7 data. To select A-type stars, we impose constraints on the (extinction corrected) u − g and g − r colours, the surface gravity (gs) and the effective temperature (T eff ), namely: 
At high S/N, BHB and BS stars can be classified according to their surface gravity. The boundary between the two populations lies at log(gs) = 3.5 − 4.0. We select 1000 of these A-type stars with high S/N (> 20) that are approximately uniform in log(g)-T eff space and we exclude borderline cases (3.5 < log(gs) < 4, this excludes < 10 per cent of each population). This sample is roughly evenly split between BHB and BS stars. The top right hand panel of Fig. 3 shows the surface gravity and effective temperature distribution of the BHB (blue triangles) and BS (red squares) stars.
To construct templates from this sample, we parametrise the spectra in the wavelength range 4000 < λ/Å< 5000. This spans the wavelength coverage of our VLT-FORS2 sample and includes the Balmer lines Hδ, Hγ and Hβ. We normalise the spectra by fitting a polynomial of order 5 to the continuum flux distribution, thus excluding regions that are affected by absorption lines. We adopt the Sersic (1968) function to fit the absorption line profiles of the normalised spectra:
The parameters x0 and a give the wavelength and line depth at the line centre respectively. The parameter b provides a measure of the linewidth and the parameter c quantifies the line shape. The model profiles are convolved with the full-width at half-maximum (FWHM) resolution (∼ 2.3Å) of the SDSS spectra. Our profiles are fitted using the publicly available IDL MPFIT 1 programme (Markwardt 2009 ).
Thus, each A-type 'template' star is parametrised by the (5th order polynomial) continuum and the Sersic profiles of the Hδ, Hγ and Hβ Balmer lines. This parametrisation is used to produce noise-free templates. The Sersic profile parameters and continuum shape of the stars are governed by their surface gravity and effective temperature. Thus, when fitting the data, we vary the template ID, which is equivalent to varying log(gs) and T eff . In the top panels of Fig. 3 , we show the Hγ linewidths, effective temperature and surface gravity for our template stars.
Each of these template stars is a model to which we can compare our VLT-FORS2 data. The models are convolved with the FWHM resolution applicable to our VLT-FORS2 observations (∼ 4Å), where we measure the FWHM from the arc lines. very similar velocities. The Chi-square value of each fit can then be used to decide if BHB star templates or BS star templates provide a better description of the data. To statistically determine the preferred model type, we use the ratio of evidences (or the Bayes factor):
Here, θ denotes the parameter space over which the template models span; the template IDs (which cover a range of surface gravities and effective temperatures) and the free parameters in each template fit. The sum is performed over all templates, where ψ denotes the two free parameters for each template fit, v los and a constant scale factor. A Gaussian approximation is assumed for the marginalisation over the ψ parameters, which then depends on the corresponding covariance matrix (|Cov(ψ)|, see e.g. MacKay 2003). We assume uniform priors for all parameters except the constant scale factor, for which we use a Jeffrey's scale invariant prior (Jeffreys 1961) .
Equation 4 gives the ratio of marginalised likelihoods. However, we can compute the posterior odds by multiplying the likelihood ratio by the prior odds. In our case, the prior odds could be the number ratio of BHB-to-BS stars, i.e.K = (fBHB/fBS) K.
In most cases, we do not know the number ratio of BHB-to-BS stars prior and by assuming fBHB = fBS, the prior evidence ratio reduces toK = K.
We test our method of classifying BHB and BS stars by randomly selecting 10 BHB and 10 BS stars from the SDSS sample. These stars are not included in our template spectra sample. They are shown by the black triangles (BHB) and green squares (BS) in Fig. 3 . We perform our fitting routine on these test cases and vary the S/N by degrading the spectra. The results of this exercise are illustrated in the bottom panels of Fig. 3 . In the left panel, we show the Bayes factor, K, as a function of S/N. The right panel shows the difference in Chi-square values between the best fitting BHB and BS models. The BHB stars should have K > 1 and ∆χ 2 < 0. At S/N > 5, the classification is almost always correct (> 90%) and stars can easily be classified when S/N > 10. However, we find that below S/N < 5, the stars become more difficult to classify.
We observed three 'standard' BHB stars over our observing run. These are bright (V ∼ 15) stars classified as BHBs in the literature. Two of these stars were observed in P85 and reside in the M5 globular cluster (cf. Clewley et al. 2002) and one is taken from the Xue et al. (2008) sample of SDSS BHB stars and was observed in P88. We applied the same data reduction procedures to these standard stars as our main sample. We apply our template fitting technique to these stars and obtain very high evidence ratios (log 10 K > 100), as expected for such high S/N spectra (S/N ∼ 100). Table 1 . We list the classifiable A-type stars observed in our VLT run. The columns list the ID, the right ascension and declination, the (extinction corrected) magnitude, the S/N per resolution element, the minimum Chi-square value for the BHB and BS star templates, the ratio of the BHB and BS evidences (K), the evidence ratio weighted by the fraction of BHB-to-BS star priors (K), the effective temperature and surface gravity of the best fitting template model, the observed heliocentric velocities, and the distance derived from the g − r colours according to the stellar classification (i.e. BHB or BS). The final column gives the assigned classification with a question mark indicating borderline cases.
Results
A small number (5) of our VLT-FORS sample are too noisy to classify (S/N < 5) and so we apply our fitting method to the remaining (38) classifiable A-type stars. The results are summarised in Table 1 , where we give the measured heliocentric velocity and final classification for each star. We show an example of a BHB (88-TARG3, left column) and a BS (88-TARG16, right column) star in Fig. 4 . The top panels show the spectrum (black line) and the best fitting BHB (blue line) and BS (red line) models overplotted. The residuals for each fit are also shown. The bottom panels show the distribution of χ 2 values for each template fit. In these two cases, the stars are easily identified as a BHB or BS.
We classify stars with K > 1 as BHB stars. This classification method identifies 7 BHB stars and 31 BS stars. Jeffreys (1961) define K > 3 or K < 1/3 as substantial evidence for (or against) a particular model. Following this interpretation, two of our stars (88-TARG100 and 88-TARG9) are identified as borderline cases. While we do not have prior knowledge of the fraction of BHB and BS stars, we can iteratively computeK. We begin by assuming fBHB = 0.5 and then iterate until the fraction of BHB stars converges (to fBHB = 0.16). The low fraction of BHB stars means thatK < K and in one borderline case (88-TARG100) K > 1, but including the prior factor givesK < 1.
Distances
BHB stars are near ideal 'standard candles' owing to their intrinsic brightness and narrow range of absolute magnitudes. However, BS stars are fainter (by ∼ 2 mags) and have a much larger range of intrinsic luminosities. We assign absolute magnitudes to the two populations using the absolute magnitude-colour relations given by equation 7 in Deason et al. (2011b) . The spread in absolute magnitude about this relation is fairly narrow for BHBs (∆Mg ∼ 0.15) as compared to BS stars (∆Mg ∼ 0.5). Heliocentric distances are assigned to our A-type stars according to their classification as a BHB or BS star. The BS stars span a distance range 30 < D/kpc < 90, whilst the BHB stars probe much further distances 80 < D/kpc < 150.
COOL CARBON STARS
We complement our sample of A-type stars with distant (D > 80 kpc) cool carbon stars, which have radial velocities published in the literature. In particular, we focus on N-type carbon (CN) stars owing to their clean photometric selection using JHK bands and their bright intrinsic luminosity (see e.g. Totten & Irwin 1998) ; CN stars with apparent magnitudes as bright as r ∼ 15 can reach out to D ∼ 80 − 100 kpc. In addition to the literature sample of CN stars (with details provided in table 2), we obtain follow-up spectroscopy for four CN stars which do not have radial velocity measurements. We outline their selection and follow-up spectroscopy below.
We target CN stars using SDSS optical photometry and Two Micron All Sky Survey (2MASS) or UKIRT Infrared Deep Sky Survey (UKIDSS) infrared photometry. We select SDSS stars with very red colours (g − r > 1.75) and with no appreciable proper motion (µ < 9 mas yr −1 ). These stars are then cross-matched with the infrared catalogues to obtain their JHK magnitudes. In Fig.  5 , we show the resulting candidates from UKIDSS photometry by the black dots. The CN-type, CH-type and dwarf star classification boundaries are shown by the dotted lines (see Totten et al. 2000) . The classification boundaries for CH, CN and dwarf stars are taken from Totten et al. (2000) . The purple crosses show the distant CN stars given in Table 2 . The circled indicate stars for which we perform follow-up spectroscopy.
The CH-type stars and dwarfs stars greatly outnumber the CN type stars. This is unsurprising given that the CN type stars are intrinsically rare (Totten & Irwin 1998) and also probe much greater distances. The purple crosses show the distant CN stars given in Table 2. The circles indicate stars without radial velocity measurements for which we perform follow-up spectroscopy. Two of these stars are selected from cross-matching SDSS with either 2MASS or UKIDSS photometry. The remaining two are classified as CN stars by Mauron (2008) and have estimated distances D > 100 kpc.
WHT-ISIS follow-up Spectroscopy
We used the WHT ISIS instrument to obtain high resolution (R ∼ 5000) optical spectra of the 4 CN type stars. Long slit spectroscopic observations were made in good conditions (seeing ∼ 1.0 arcsec) with a 0.8 arcsec wide slit. We used the R1200 grating giving a dispersion of 0.26Å per pixel. The spectral coverage, λ ≃ 7500 − 8500Å, includes several CN absorption bands. These observations were taken on 2012 March 27-31. For stars in the magnitude range 15 < r < 19, we required integration times between 300 seconds and 1 hour to achieve a S/N ratio of 10 per resolution element. We follow the data reduction procedure outlined in Totten & Irwin (1998) . In short, the spectroscopic data were reduced using the standard IRAF software packages. First, the science frames were bias subtracted and flat-fielded. Background regions were selected for sky subtraction during the extraction of the science data. The extracted stellar spectra were wavelength calibrated with reference to CuNe+CuAr arc lamp observations. As a final step, the reduced data were flux calibrated with observations of flux standard stars.
We also observed several carbon star radial velocity standards. These stars were observed and reduced with identical instrument setup and data reduction procedures as described above for our science targets. We use these standard stars as templates to determine Table 2 . We list the distant CN stars with radial velocities from the literature or velocities measured in this work. The columns give the ID, the right ascension and declination, the infrared J, H and K magnitudes, the observed heliocentric velocities and the estimated distances using the . High resolution spectra for the four CN-type stars. We concentrate on the wavelength region 7500 < λ/Å< 8500 where there are several CN absorption bands. The apparent 'noisiness' of the data is due to the many CN absorption lines, and not entirely due to photon counting errors.
the velocities of our science targets using cross-correlation techniques. With the high resolution and modest signal-to-noise of the data (S/N ∼ 10), the near-infrared CN absorption bands are well defined and lead to good-quality cross-correlation peaks. There are several velocity errors that affect the final results including wavelength calibration uncertainties, mismatched template versus science target stars and random errors due to photon counting. The combined effect of all these errors gives velocity uncertainties of ∼ 10 km s −1 .
Distances
We assign distances to the carbon stars using their K band magnitude. We use infrared rather than optical photometry, since the former is more robust to extinction and variability effects. Totten et al. (2000) . In Table 2 , we give both the Totten et al.
(2000) (DTI) and Mauron et al. (2004) (DM) distances of our CN type stars. We adopt the mean of these two distances in this work and assume errors of σD ∼ 25 percent.
Our final sample consists of 8 CN type stars in the distance range 80 < D/kpc < 160, 7 BHB stars with 80 < D/kpc < 150 and 31 BS stars with 30 < D/kpc < 90. This is the largest sample of distant stellar halo stars with measured radial velocities to date.
FIELD STARS OR SUBSTRUCTURE?
In this section, we look at the distribution of our halo stars in both position and (line-of-sight) velocity space. We convert our observed heliocentric velocities to a Galactocentric frame by assuming a circular speed 2 of 240 km s −1 (recently revised upwards, see Reid et al. 2009 , Bovy et al. 2009 , McMillan 2011 and Deason et al. 2011a ) at the position of the Sun (R0 = 8.5 kpc) with a solar peculiar motion (U, V, W ) = (11.1, 12.24, 7.25) km s −1 (Schönrich et al. 2010) . velocity space of the Sgr leading and trailing arms. The green circles indicate stars which coincide with the Sgr streams both in position, distance and velocity. We identify 8 BS stars that possibly belong to the Sgr stream. This is unsurprising given the distances of these stars (∼ 50 kpc) and the fact that many of the SDSS overlaps coincide with this stellar halo stream (see shaded regions in the top panel of Fig. 7 ). We also identify one BHB star that may be associated with Sgr if we have classified it incorrectly. This star (85-TARG33) has an evidence ratio K = 158 based on BHB and BS star template fitting and a BHB model is still strongly favoured if the number ratio prior of BHB-to-BS stars is taken into account (K = 30). Thus, we still consider this a genuine distant BHB star. There are 3 CN stars that likely belong to the Sgr leading arm. While their distances are slightly too high, given the uncertainties, we still believe that they could possibly belong to the Sgr stream. We note that many of the halo carbon stars within D < 100 kpc have been identified as belonging to the Sgr stream (see e.g. Ibata et al. 2001) , so it is unsurprising that some of our nearest CN stars in our sample may also belong to this overdensity.
In Fig. 8 we show the x, y and z positions of our distant BHB and CN stars. For comparison, we show the spatial distribution of the Xue et al. (2011) sample of BHB stars with distances D < 60 kpc. Our sample of distant stellar halo stars are distributed over a wide range of distances and sky area. In summary, whilst some BS (and CN) stars in our sample likely belong to a known stellar halo substructure, there is no evidence that our distant BHB and CN stars belong to a common overdensity. 
VELOCITY DISPERSION PROFILE
In this section, we analyse the kinematics of our distant stellar halo sample. The top panel of Fig. 9 shows the Galactocentric velocities of stellar halo stars as a function of Galactocentric distance. The black points are the BHB spectroscopic sample compiled by Xue et al. (2011) from SDSS DR8; these stars probe out to r ∼ 60 kpc. The red squares are our BS stars. The blue triangles are our 7 distant BHB stars. We also show the 2 distant (field) BHB stars identified by Clewley et al. (2005) with the cyan triangles. The purple crosses are our 8 distant CN type stars. The green circles indicate the BS and CN stars, which likely belong to the Sgr stream. We also show the (classical and ultra-faint) Milky Way satellite galaxies and the distant (beyond 80 kpc) Milky Way globular clusters by the green diamonds and maroon asterisks respectively. We note that there are now 31 tracers beyond 80 kpc. This is a significant improvement to the 10 tracers (5 globular clusters, 4 satellite galaxies and 1 halo star) used by Battaglia et al. (2005) .
The bottom panel gives the velocity dispersion profile for stellar halo stars 3 . We also give the dispersion for satellite galaxies within 100 < r/kpc < 250 by the green error bar. We find the striking result that the velocity dispersion is remarkably low at large distances, dropping to σ ∼ 50 − 60 km s −1 between 100 < r/kpc < 150. The outer parts of the stellar halo seemingly comprise a cold and tenuous veil. A less drastic decline, but still consistent within the errors, is seen in the satellite galaxies and globular clusters in this radial regime, as first noticed by Battaglia et al. (2005) .
Owing to the small number statistics in the outermost bin for BHB stars (∼ 7 stars), we consider the additional uncertainty in this measurement if borderline BHB/BS stars are included or excluded. In Fig. 10 , we show Galactocentric velocity against the evidence ratio (K) of BHB versus BS template model fits (top panel) and the difference in Chi-square between the best-fitting BHB and BS models (∆χ 2 ) (bottom panel). We classify stars according to the evidence ratio with BHB stars have K > 1. However, BHBs with 1 < K < 3 or BSs with 1/3 < K < 1 do not strongly favour particular model templates. The top panel of Fig. 10 shows that there are two borderline cases (1 BHB, 1 BS). These stars have correspondingly small differences between the Chi-square values of their best fitting BHB and BS templates (see bottom panel). We consider the effect on our results if these borderline cases have been misclassified. This additional uncertainty (i.e. whether we classify BHB stars K > 1/3, 1, 3) is included in the uncertainty of the velocity dispersion in Fig. 9 . We also note that the uncertainty on the CN star velocity dispersion takes into account the effect caused by the inclusion/exclusion of the 3 possible Sgr leading arm members. Thus, our results are robust to the treatment of borderline cases. The observed cold outer stellar halo has implications for the total mass of our Galaxy, which we now compute using the tracer mass estimator of Watkins et al. (2010) . We apply the estimator to distant stellar halo stars with r > 50 kpc. This distant sample comprises 144 BHB and BS stars between 50 − 90 kpc and 17 BHB and CN stars between 80−160 kpc. The Watkins et al. (2010) mass estimators assume that the tracer population has a scale-free density and moves in a scale-free potential in the region of interest. The total mass within the outermost tracer depends on 3 unknown parameters: the tracer density profile slope (α), the tracer velocity anisotropy (β = 1 − σ 2 t /σ 2 r ) and the slope of the mass profile (γ). The mass within the outermost tracer (rout) is computed using equation 16 in Watkins et al. (2010) 4 :
In this radial regime (50 < r/kpc < 150), we can take γ ≈ 0.55, which is appropriate for Navarro-Frenk-White (NFW; Navarro et al. 1996) type haloes beyond the scale radius, r > rs (see Watkins et al. 2010) . We also consider isothermal (γ = 0) and Keplerian (γ = 1) halo models. We show the total mass as a function of the remaining unknown parameters in Fig. 11 . We discard any models that are inconsistent (by more than 2σ) with the recent mass estimate by Deason et al. (2012) within 50 kpc: M (50) = 4.2 ± 0.4 × 10 11 . We have checked that our mass estimates are not significantly affected by the inclusion/exclusion of borderline cases (i.e. misidentified BHB/BS stars and Sgr CN stars). The uncertainties due to the unknown tracer density fall-off and orbital properties dominate over observational errors and small number statistics.
The mass within 150 kpc ranges from 10 11.5 − 10 12.2 M⊙ depending on the adopted potential profile, tracer density falloff and orbital structure. Massive haloes (> 10 12 M⊙) require an isothermal profile between 50-150 kpc and a tracer density profile that falls off very quickly (α > 5), and/or tangentially biased tracer orbits (σ 2 t /σ 2 r > 1). The latter possibility was advocated by Battaglia et al. (2005) to explain the apparent decline in velocity dispersion at large distances whilst Dehnen et al. (2006) advocated the former. The allowed range of masses for NFW (M (150) = 6 − 8 × 10 11 M⊙) and Keplerian (M (150) = 3.5 − 5 × 10 11 M⊙) models are all less than 10 12 M⊙ over a large range of tracer properties.
DISCUSSION
Unrelaxed stars?
Commonly used mass estimators, such as those derived in Watkins et al. (2010) , implicitly assume that the kinematic tracers are relaxed. How applicable is this assumption for the distant BHB stars in our sample? Recently, Deason et al. (2011b) showed that the stellar halo, as traced by BHB stars, is relatively smooth within r < 50 kpc. On the other hand, Bell et al. (2008) find a much lumpier stellar halo when traced by main-sequence turn-off stars. While BHB tracers seem to be the most relaxed of any stellar halo tracer, it is not easy to extrapolate the properties of the inner stellar halo to the outskirts. In fact, the much longer dynamical time scales at larger radii suggest that the outer reaches of the stellar halo are likely dominated by unrelaxed substructure. Can we then trust our dynamical mass estimators in this distant radial regime? Wilkinson & Evans (1999) Deason et al. 2012 ) are shown. The allowed regions (for combinations of anisotropy, density and mass) for Keplerian, NFW and isothermal models are indicated by the green, blue and purple filled regions. The black error bar indicates the density profile and velocity anisotropy for tracers within 50 kpc (Deason et al. 2011b; Deason et al. 2012) . If the tracers have moderate density fall-off (α < 5) and radial orbits (σ 2 t /σ 2 r < 1) then the mass within 150 kpc is less than 10 12 M ⊙ . The inset panel shows the the circular velocity curve for example isothermal (dotted line), NFW (solid line) and Keplerian (dashed line) models. The blue shaded region indicates the circular velocity profile measured by Deason et al. (2012) within 50 kpc. rent models of structure formation. The authors found distortions in their mass estimates at the level of 20 per cent.
A drop in radial velocity dispersion could signify that our distant stars belong to shell-like structures. Numerical simulations show that when a smaller galaxy collides with a larger system, a series of shell-like structures can form (e.g. Quinn 1984) . The liberated stars from the collision follow very radial orbits with similar energies. A large enhancement of these stars at apocentre can thus build up into shell structures. The velocity structure in these shells is coincident with the systemic velocity of the host galaxy, with a very low dispersion. We quantify the effect of shells on our mass estimates by generating fake distributions of stars drawn from appropriate power-law distribution functions (cf. Watkins et al. 2010) . We consider smoothly distributed tracers (α = 3.5, between 50 < r/kpc < 150) with radially anisotropic orbits (β = 0.5) embedded in NFW type haloes (γ = 0.55). We then superimpose stars at large distances (r > 80 kpc) with low radial velocities (with σr ∼ 50 km s −1 ) onto this smooth distribution. The mass estimators used in the previous section (see eqn. 5) are then applied to this test data set, for which we assume α, γ and β are known. In our observational sample, 10 per cent of the stars are in the outer mass bin (r > 80 kpc). We ensure the same fraction of stars are in this outer mass bin when we estimate the mass of the fake data set. In Fig. 12 , we show the results of this exercise, in which we vary the fraction of stars beyond r = 80 kpc that belong to shells from 0-100 per cent. We show three examples of halos with masses within 150 kpc of 1 × 10 12 M⊙ (solid red), 2 × 10 12 M⊙ (dashed blue) and 3 × 10 12 M⊙ (dot-dashed green) respectively. This simple calculation shows that the mass is underestimated by up to 10 per cent if most of the stars beyond 80 kpc belong to shells. A larger sample of stars beyond 80 kpc is needed to to test whether or not this drop in radial velocity dispersion is indeed caused by the presence of shells.
In summary, it is unlikely that substructure is strongly biasing our mass estimates within r = 150 kpc. Tidal streams are excluded by the the lack of phase-space correlation in our distant BHB and CN star sample. It seems reasonable to assume the presence of substructure at large radii introduces an additional uncertainty in our mass estimate at the level of 20 per cent. In particular, our mass estimates may be biased low (by up to 10 per cent) if many of our distant stars belong to shells. Even so, this is a negligible contribu- tion compared to the systematic uncertainty in the tracer properties such as density and anisotropy.
Tangential anisotropy and/or rapid tracer density fall-off?
The cold radial velocity dispersion at large radii may be caused by the dominance of tangential motions. But is there physical justification for this picture? Current theories predict that the stripped stellar material from accreted satellite galaxies make up the bulk of the stellar halo (e.g. Bullock & Johnston 2005; Cooper et al. 2010) . Recently, other formation scenarios have been suggested for the inner stellar halo (i.e. in situ formation, see e.g. Zolotov et al. 2009; Font et al. 2011) , but accretion seems the only likely scenario in the outer regions. Model stellar haloes built up from the accretion of satellites predict strongly radial orbits (e.g. Diemand et al. 2007; Sales et al. 2007 ). Observational constraints from the solar neighbourhood and inner (< 50 kpc) stellar halo find radially biased orbits (σ 2 t /σ 2 r ∼ 0.5, e.g Smith et al. 2009a; Deason et al. 2012 ) and thus seem to concur with theoretical predictions. The fact that the radial anisotropy is only expected to increase with radius further contradicts the notion of tangentially biased orbits in the radial regime 100 < r/kpc < 150. Thus, given current observational constraints and theoretical predictions, it is unlikely that tangential anisotropy can explain the presence of such a cold radial velocity dispersion.
Another possibility is that the density profile of the stellar halo falls sharply at large distances. While the stellar halo density profile within 50 kpc has been studied extensively (e.g. Bell et al. 2008; Jurić et al. 2008; Deason et al. 2011b; Sesar et al. 2011 ), constraints at larger radii are rare. In the radial range of our distant stars (100 < r/kpc < 150), we are probing the tail of the stellar distribution and it is reasonable to assume that the stellar density may be falling off very rapidly. In fact, Dehnen et al. (2006) showed that a sharp decline in velocity dispersion can be produced by radially anisotropic (σ 2 t /σ 2 r ∼ 0.5) tracers with a truncated density distribution (rt = 160 kpc) embedded within a 1.5 × 10 12 M⊙ halo. Does such a cold velocity dispersion then signify that we are probing the edge of the stellar halo? Spectroscopic programmes targeting halo stars beyond 150 kpc will be vital in order to address this point.
It is important to bear in mind that a low (albeit less extreme) velocity dispersion is also seen in the satellite galaxy population. There is no requirement that the stellar halo stars and satellite galaxies should share a similar density profile and/or velocity anisotropy. In fact, the distribution of satellite galaxies in our own Galaxy and M31 is believed to be much shallower than stellar halo stars (e.g. Watkins et al. 2010) . Furthermore, the proper motions of the classical Milky Way satellites suggest that they have tangentially biased orbits, whereas numerical simulations predict that stellar halo stars have strongly radial orbits. The fact that both of these halo populations have a cold radial velocity dispersion beyond 100 kpc suggests that there is a common cause, namely part (if not all) of the decline must be related to the mass profile.
A low mass, high concentration halo?
It is clear from Fig. 11 that, discounting a stellar population with tangential velocity anisotropy (σ 2 t /σ 2 r > 1) and/or a rapid decline in density between 50 − 150 kpc (α > 5), the mass within 150 kpc is less than 10 12 M⊙ and probably lies in the range M (< 150kpc) = (5 − 10) × 10 11 M⊙. In particular, if we extrapolate measurements of tracer density and anisotropy within 50 kpc to 150 kpc, namely α ∼ 4.6 and β = 0.5, we find that M (< 150kpc) ∼ 7 × 10 11 M⊙ (assuming an NFW halo with γ = 0.55). Given that the total mass within 50 kpc is ∼ 4 × 10 11 M⊙, our results suggest that there may be little mass between 50 and 150 kpc. Is most of the dark matter in our Galaxy therefore highly concentrated in the centre? Deason et al. (2012) recently found that the dark matter profile of our Galaxy within 50 kpc is highly concentrated (cvir ∼ 20). Our results presented here for the outer halo are in agreement with the deductions from the inner halo.
Our findings also agree with several other recent studies suggesting that the Milky Way may be less massive than previously thought (e.g. Battaglia et al. 2005; Smith et al. 2007; Xue et al. 2008 ). This has important repercussions for numerical simulations attempting to reproduce Milky Way type galaxies, where often the biggest scatter in halo properties comes from their total masses. For example, Wang et al. (2012) recently showed that the number of massive Milky Way subhaloes strongly depends on the virial mass of the halo (see also Vera-Ciro et al. 2012) . The lack of massive satellites in our Galaxy (the 'missing massive satellites ' problem, Boylan-Kolchin et al. 2012 ) could simply indicate a less massive halo (M200 < 10 12 M⊙). However, a low halo mass may prove problematic for semi-analytic models which attempt to match the observed Tully-Fisher relation and galaxy stellar mass function (e.g. Cole et al. 2000; Croton et al. 2006) . Generally, agreement with observations requires that the virial velocity (V200 ∼ 150 km s −1 for M200 ∼ 10 12 M⊙) and rotation speed of the galaxy are comparable (i.e. V200 ∼ Vrot). Thus, a rotation speed of 220-250 km s −1 for the Milky Way disc and a low halo mass is at odds with these semi-analytic models.
A low mass Milky Way halo also has implications regarding the origin of several satellite galaxies. Leo I would almost cer-tainly be unbound with a distance of 250 kpc and a substantial radial velocity of VGSR ∼ 180 km s −1 . In addition, recent proper motion measurements of the Small and Large Magellanic Clouds (SMC/LMC) (Kallivayalil et al. 2006a; Kallivayalil et al. 2006b) suggest that the total velocities of these clouds approach the escape speed of the Milky Way. Besla et al. (2007) showed that under the assumption of a Milky Way with virial mass Mvir ∼ 10 12 M⊙, the LMC and SMC are on their first passage about the Milky Way. The current results seem to increase the likelihood that the SMC/LMC are unbound.
CONCLUSIONS
We have built a sample of distant stellar halo stars beyond D > 80 kpc with measured radial velocities. Our sample consists of relatively old BHB stars and intermediate age AGB stars. We target BHB stars in the magnitude range 20 < g < 22 using multiepoch SDSS photometry. Using follow-up spectroscopic observations with the VLT-FORS2 instrument we obtained radial velocities for 38 A-type stars. We distinguish between BHB and BS stars by fitting noise-free BHB and BS templates built from high S/N SDSS spectra. Our sample comprises 7 BHB stars in the radial range 80 < rBHB/kpc < 150 and 31 less distant BS stars with 30 < rBS/kpc < 90. In addition, a sample of 4 distant cool carbon stars with measured radial velocities was compiled from the literature. We measured radial velocities for an additional 4 carbon stars using the WHT-ISIS instrument. Our 8 carbon stars span a distance range 80 < rCN < 160 kpc and are a useful, complementary sample to the older BHB population. We summarise our conclusions as follows:
(1) The velocity dispersion of the distant BHB and CN stars is surprisingly low with σGSR ∼ 50 − 60 km s −1 . The outer parts of the stellar halo may be likened to a cold veil.
(2) Although, a significant number of the BS and CN stars (8 and 3 respectively) are coincident with the Sagittarius (Sgr) stream, our sample of BHB stars (and the remaining CN stars) are widely distributed across the sky and show no evidence that they belong to a common substructure. However, such a low radial velocity dispersion could be caused by the presence of shells at large radii.
(3) The observed low velocity dispersion profile is robust to the inclusion/exclusion of borderline BHB candidates and CN star Sgr members. The velocity dispersion of satellite galaxies in a similar radial range (100 < r/kpc < 250) is also low, σGSR ∼ 70 km s −1 . Battaglia et al. (2005) first noted this decline in radial velocity dispersion for distant satellite galaxy and globular cluster tracers. We now confirm that a similar, if not more extreme, cold velocity dispersion is seen in distant stellar halo stars.
(4) The implications for the total mass of our Galaxy depends on the (unknown) density profile and velocity anisotropy of the tracer population. However, discounting a stellar population with a tangential velocity bias (σ 2 t /σ 2 r > 1) and/or a rapid tracer density fall-off (α > 5) between 50 − 150 kpc, we find that the total mass within 150 kpc is less than 10 12 M⊙ and probably lies in the range (5 − 10) × 10 11 M⊙. Our results thus suggest that the total mass of our Galaxy may be lower than previously thought.
In this study, we have expanded the sample of tracers out to r ∼ 150 kpc -near the edge of the stellar halo. Larger samples of tracers are needed to add further statistical weight to our results. We intend to address this issue over the next few years by combining deep and wide photometric surveys with 4-10m class telescopes equipped with moderate/high resolution spectrographs. Ultimately, even with a much larger number of halo tracers, the uncertainty surrounding the tracer velocity anisotropy and density needs to be addressed. Over the next few years it will become vital to measure these tracer properties rather than to infer them.
